We determined whether there is turnover of the peptidoglycan (PG) cell wall of the ovococcus bacterial pathogen Streptococcus pneumoniae (pneumococcus). Pulse-chase experiments on serotype 2 strain D39 radiolabeled with N-acetylglucosamine revealed little turnover and release of PG breakdown products during growth compared to published reports of PG turnover in Bacillus subtilis. PG dynamics were visualized directly by long-pulse-chase-new-labeling experiments using two colors of fluorescent D-amino acid (FDAA) probes to microscopically detect regions of new PG synthesis. Consistent with minimal PG turnover, hemispherical regions of stable "old" PG persisted in D39 and TIGR4 (serotype 4) cells grown in rich brain heart infusion broth, in D39 cells grown in chemically defined medium containing glucose or galactose as the carbon source, and in D39 cells grown as biofilms on a layer of fixed human epithelial cells. In contrast, B. subtilis exhibited rapid sidewall PG turnover in similar FDAA-labeling experiments. High-performance liquid chromatography (HPLC) analysis of biochemically released peptides from S. pneumoniae PG validated that FDAAs incorporated at low levels into pentamer PG peptides and did not change the overall composition of PG peptides. PG dynamics were also visualized in mutants lacking PG hydrolases that mediate PG remodeling, cell separation, or autolysis and in cells lacking the MapZ and DivIVA division regulators. In all cases, hemispheres of stable old PG were maintained. In PG hydrolase mutants exhibiting aberrant division plane placement, FDAA labeling revealed patches of inert PG at turns and bulge points. We conclude that growing S. pneumoniae cells exhibit minimal PG turnover compared to the PG turnover in rod-shaped cells.
P
eptidoglycan (PG) biosynthesis and placement are dynamic processes that determine the shapes, sizes, chaining, and resistance to turgor of bacterial cells (1) (2) (3) (4) (5) (6) . In Gram-positive bacteria, PG also serves as the scaffolding for covalent attachment of surface wall teichoic acid, capsule, and sortase-attached proteins (7) (8) (9) . The seminal work of Park and Uehara demonstrated that PG is rapidly turned over and the breakdown components recycled in some Gram-negative bacteria, such as Escherichia coli (10) . The turnover and recycling pathways are mediated by specific sets of genes that encode PG cleavage enzymes that break down PG, transporters to take up and recover PG breakdown products, and additional enzymes that convert PG breakdown products into metabolic intermediates (10) (11) (12) (13) . Turnover and release of PG fragments to culture medium in certain Gram-positive bacteria, such as Bacillus subtilis, has been known for some time. However, Gram-positive PG recycling was only discovered recently, because genes that encode PG recycling enzymes are subject to catabolite repression and most previous work was done in glucose-containing media (13, 14) .
Because PG is unique to eubacteria, PG breakdown products serve important roles in signaling both to bacteria and to eukaryotic host cells. In E. coli, the PG recycling pathway was recently implicated in a futile cycle that increases the efficacy of ␤-lactam antibiotics, which inhibit the transpeptidase activity of penicillin binding proteins (PBPs) (15) . In some Gram-negative bacteria, such as Citrobacter freundii and Enterobacter cloacae, recycled anhydro-murotripeptide acts as an inducer for the expression of ␤-lactamase gene expression, thereby providing antibiotic resis-tance (12, 16 ). An analogous signaling system functions in certain Gram-positive bacteria, such as Bacillus licheniformis, where recycled PG peptides (e.g., ␥-D-Glu-m-DAP [DAP is diaminopimelic acid]) relieve the expression of a ␤-lactamase gene (12) . Other Gram-positive species, such as Staphylococcus aureus, encode integral membrane proteins with extracellular ␤-lactam-binding domains connected to cytoplasmic domains that function as a repressor-specific protease to induce the expression of ␤-lactamases and ␤-lactam-resistant penicillin-binding protein 2a (PBP2a) (12) . Finally, besides acting in antibiotic stress and resistance responses, PG fragments are signals in bacterial spore germination pathways (17, 18) .
PG fragments function in two diametrically opposed ways with regard to eukaryotic host cells. Some PG fragments, such as the anhydro-muramic-tripeptides of Neisseria and Bordetella species, act as potent toxins of ciliated epithelial cells by inducing inflammatory cytokine production (19) . These PG fragments are produced by bacterial PG hydrolases and lytic transglycosylases and play important roles in pathogenesis. In contrast, PG fragments produced by bacterial autolysis mechanisms, PG turnover pathways, or host PG lysozymes and other PG hydrolases are major signals of infection to host innate immune systems (11, 17, 20, 21) . Extracellular PG fragments interact with Toll-like receptors and PG recognition proteins to stimulate innate immune responses (11, 17, 22) . PG fragments produced intracellularly by lysozyme digestion in phagocytes stimulate Nod receptors (20, 21) . For some phagocytosed extracellular pathogens, such as Streptococcus pneumoniae (pneumococcus), lysozyme digestion concomitantly produces PG fragments and releases a pore-forming toxin that damages the phagosome membrane (23) . This damage enables the release of PG fragments into the cytosol, where they can interact with Nod2 receptors that induce proinflammatory signaling, leading to the recruitment of additional phagocytic cells to infection sites (23) .
Because PG fragments act as potent signals to activate host immunity, planktonic bacteria likely minimize the shedding of PG fragments. One mechanism to reduce PG shedding is to synchronize the activities of PG turnover and recycling pathways, as occurs in E. coli (10) . Another mechanism, which operates in Staphylococcus aureus, is to remodel the PG to reduce recognition by PG recognition proteins of the innate immune system (24) . A third mechanism to reduce PG fragment shedding would be to not carry out PG turnover and recycling at all. Certain Gram-positive species, such as S. pneumoniae, Staphylococcus aureus, and Enterococcus faecalis, do not encode obvious homologues of certain key enzymes that are required in the PG recycling pathways of other Gram-positive bacteria (13, 25) , although as noted above, S. aureus does encode surface sensor proteins that covalently bind and respond to ␤-lactam antibiotics (12) . However, it remains possible that these bacteria use previously unidentified enzymes or activities to complete PG recycling pathways.
S. pneumoniae is a human commensal bacterium that colonizes the nasopharynx as a biofilm and that can become an opportunistic pathogen in individuals recovering from influenza or with compromised immune systems, causing a number of serious respiratory and invasive diseases, such as pneumonia (26) (27) (28) . Alterations in PG biosynthesis have strong effects on the efficiency of pneumococcal colonization and infection. Mutations in numerous genes implicated in PG synthesis and remodeling that do not ostensibly affect growth in culture strongly attenuate colonization and lung infection in transposon-sequencing (Tn-Seq) screens (29) . Moreover, cell chaining, which is especially sensitive to the function of PG hydrolases, favors colonization in the nasopharynx but makes cells vulnerable to phagocytosis in the lung (30, 31) . In this paper, we used fluorescent D-amino acid (FDAA) probes (32, 33) to visualize PG dynamics in capsulated and unencapsulated mutants of S. pneumoniae growing in culture and in host-relevant biofilms in vitro. We also used FDAA probes to visualize defects in PG morphology caused by PG hydrolases and key cell division mutants. Our combined results indicate minimal turnover of pneumococcal PG, consistent with the lack of an apparent complete PG recycling pathway. Minimal PG turnover may be a mechanism that allows S. pneumoniae cells to grow planktonically without releasing PG breakdown fragments that would alert the human innate immune system.
MATERIALS AND METHODS
Pneumococcal strains and growth conditions. Most mutant strains used in this study were derived from strains IU1824 and IU1945, unencapsulated derivatives of serotype 2 S. pneumoniae strain D39 (IU1690) (see Table S1 in the supplemental material). Strains containing antibiotic markers were constructed by transforming linear DNA amplicons synthesized by overlapping fusion PCR into competent pneumococcal cells as described previously (34) (35) (36) . Primers used for the generation of amplicons are listed in Table S2 . All constructs were confirmed by DNA sequencing of chromosomal regions corresponding to the amplicon region used for transformation. Genes encoding PG hydrolases LytA and LytB, D,D-carboxypeptidase DacA, putative lytic transglycosylase Pmp23, and class A Pbp1a are in single-gene operons or are at the ends of operons; consequently, replacement of these reading frames with antibiotic cassettes causes minimal polarity, as discussed previously and confirmed by construction of markerless deletions (37; data not shown). The murMN gene (PG peptide cross-bridge formation), pgdA gene (GlcNAc deacetylase), and adr gene (O-acetylated MurNAc) may also be in single-gene operons based on transcriptome analyses (data not shown). As expected from previous reports (38, 39) , replacement of these reading frames with antibiotic resistance cassettes did not change cell morphology and growth. High sensitivity of the ⌬pgdA mutant to lysozyme (39) was confirmed (data not shown). PcsB expression was decreased by a promoter replacement as reported previously (40) . The cell morphology phenotypes of mutants with reading frame replacements in dacB (L,D-carboxypeptidase) or spd_0703 (WalRK regulon gene of unknown function) were confirmed previously by complementation (37) . Markerless deletions of the division genes, mapZ (alternative name, locZ) and divIVA, fused short (20-amino acid) stretches from the beginning and end of the genes to maintain possible translational coupling (see Tables S1 and S2 ). The phenotypes of the markerless ⌬mapZ and ⌬divIVA mutants were similar to those reported previously for other mapZ and divIVA mutants (41) (42) (43) .
Bacteria were grown on petri plates containing Trypticase soy agar II (modified; Becton-Dickinson) and 5% (vol/vol) defibrinated sheep blood (TSAII-BA). Plates were incubated at 37°C in an atmosphere of 5% CO 2 . For antibiotic selection, TSAII BA plates contained 250 g kanamycin ml Ϫ1 , 150 g spectinomycin ml Ϫ1 , 0.3 g erythromycin ml Ϫ1 , 250 g streptomycin ml Ϫ1 , or 2.5 g chloramphenicol ml Ϫ1 . In most experiments, strains were cultured statically in Becton-Dickinson brain heart infusion (BHI) broth at 37°C in an atmosphere of 5% CO 2 , and growth was monitored by the optical density at 620 nm (OD 620 ) as described previously (34) (35) (36) . Where indicated, bacteria were grown in a chemically defined medium (CDM) containing 1.0% (wt/vol) glucose or 1.0% (wt/ vol) galactose as the carbon source (44) . Bacteria were inoculated into BHI broth from frozen cultures or colonies, serially diluted into the same medium, and propagated overnight. For growth experiments, overnight cultures that were still in exponential phase (OD 620 of 0.1 to 0.4) were diluted back to an OD 620 of Ϸ0.003 to start the final cultures, which lacked anti-biotics. For inoculation of CDM cultures, 1-ml amounts of overnight cultures of bacteria grown in BHI were centrifuged at 16,000 ϫ g for 5 min at 4°C, and pellets were washed once in cold 1ϫ phosphate-buffered saline (PBS). Following centrifugation, pellets were resuspended in 2 ml of warm CDM, which was further diluted into warm CDM cultures.
Long-pulse-chase experiments to determine release of [ 14 C] GlcNAc from pneumococcal PG sacculi. Cells from an overnight culture were diluted to an OD of Ϸ0.002 in 4.0 ml of warmed BHI broth containing [
14 C]GlcNAc (specific activity, 55 mCi per mmol; GE Healthcare) to a final concentration of 7.3 M. Following growth of the culture to an OD 620 of 0.25, cells were centrifuged at 16,000 ϫ g for 10 min at 4°C and resuspended in 1.0 ml of cold 1ϫ PBS buffer. Cells were collected and washed two more times, and 400-l aliquots from each of the three 1ϫ PBS washes were scintillation counted to verify that unincorporated [ 14 C]GlcNAc was washed away. Cells were resuspended to an OD 620 of 0.1 in 10 ml of BHI broth containing 1.0 mM unlabeled GlcNAc and incubated at 37°C. Four-hundred-microliter aliquots were taken at 0, 10, 20, and 30 min and every 30 min thereafter for 360 min. Aliquots were placed on ice for 2 min and then centrifuged at 16,000 ϫ g for 10 min in the cold. Supernatants were collected, added to 4.0 ml of scintillation fluid, and counted using a Packard scintillation counter. Pellets were resuspended in 400 l of boiling 5% (wt/vol) SDS for 30 min. PG sacculi were pelleted by centrifugation at 130,000 ϫ g for 20 min at room temperature. Supernatants were discarded, and sacculus pellets were resuspended in 150 l H 2 O, which was added to 4.0 ml scintillation fluid and counted. Cultures were grown to an OD 620 of 0.20 to 0.25, after which they were transferred to 2.0-ml centrifuge tubes, which were placed in an ice bath for 1 min to halt labeling and centrifuged for 5 min at 16,000 ϫ g in the cold. Supernatants were discarded, and pellets were resuspended in 1.0 ml of cold 1ϫ PBS. Cells were centrifuged (2.5 min at 16,000 ϫ g) and washed with cold 1ϫ PBS two more times. After the third spin, cell pellets were diluted to an OD 620 of 0.05 in 2.0 ml of warmed BHI to which 1.0 l of 500 mM NADA or TADA (in DMSO) had already been added. Cultures were placed back in an incubator and grown at 37°C, and 200-l aliquots were taken at 0, 20, 40, 60, 80, and 100 min after addition of NADA or TADA. These aliquots were centrifuged at 16,000 ϫ g for 2.5 min at 4°C, supernatants were discarded, and pellets were resuspended in 50 l of cold 1ϫ PBS. An amount of 1.5 l of labeled live cells (no fixation) was placed on a slide, covered with a glass coverslip, and imaged and processed as described previously using a Nikon E-400 epifluorescence phase-contrast microscope and NIS-Elements AR imaging software (Nikon) (33, 46) .
For examination of stationary-phase cells, the following changes were made: a 4.0-ml cell culture was labeled with FDAAs, and samples were taken at 0, 10, 20, and 30 min after the second labeling; additional samples were taken every 0.5 h until 270 min. For examination of cells labeled with HADA for 30 min and TADA for 5 min, the following changes were made: cells were grown without FDAAs to an OD 620 of 0.1, after which 1.0 l of 500 mM HADA (in DMSO) was added to a final concentration of 250 M, cultures were placed back in the 37°C incubator for 30 min (approximately one generation), washed as described above, labeled with TADA for 5 min, washed again, fixed, and examined microscopically as described previously (33, 46) . Examination of cells prelabeled with fluorescent antibiotics before HADA labeling was performed as follows. Cells from overnight cultures grown without FDAAs were diluted to an OD 620 of 0.2, at which point several 500-l aliquots of cultures were taken and centrifuged at room temperature in microcentrifuge tubes. Pellets were resuspended in 250 l of BHI broth containing either 10 g fluorescent cephalosporin/ml (47), 5 g fluorescent bocillin/ml (48), 2 g fluorescent vancomycin/ml (33), or no antibiotic. Cultures containing fluorescent bocillin or fluorescent vancomycin were incubated for 10 min at room temperature in the dark, whereas cultures containing fluorescent cephalosporin were incubated for 30 min at room temperature in the dark. HADA was then added to a final concentration of 250 M, and cultures were incubated for 5 min at room temperature. Cells were centrifuged in the cold and washed twice with cold 1ϫ PBS and were finally resuspended in 50 l of cold 1ϫ PBS. Cells were viewed without fixation as described above.
Long pulse-chase-new labeling with FDAA probes of B. subtilis cells in culture imaged by 2-D epifluorescence microscopy. B. subtilis laboratory strain P479 (from Dan Kearns, Indiana University-Bloomington) was streaked onto LB plates, which were incubated overnight at 37°C in air. Single colonies were inoculated into fresh LB broth, and cultures were grown at 37°C with aeration and shaking at 400 rpm. After 2 h, exponential cultures were diluted in fresh LB broth to an OD 620 of 0.02, and long-pulse labeling of B. subtilis cells with HADA was performed as described above for S. pneumoniae, except that B. subtilis cultures were shaken in air. At an OD 620 of 0.20 to 0.25, HADA was washed away (chase) and TADA (new labeling) was added as described above for new labeling of S. pneumoniae with NADA. Exponential cultures were shaken at 37°C and sampled every 20 min, at which times live cells were washed to remove unincorporated TADA and observed by epifluorescence microscopy as described above for S. pneumoniae cells.
2-D time-lapse microscopy of single pneumococcal cells labeled with TADA. Cells from an overnight culture were diluted to an OD 620 of 0.01 in 2.0 ml of warmed BHI broth. An amount of 1.0 l of 500 mM TADA (in DMSO) was added to a final concentration of 250 M. Cultures were grown to an OD 620 of 0.1 to 0.15, when they were transferred to a 2-ml centrifuge tube, placed in an ice bath for 1 min to stop the labeling, and centrifuged for 5 min at 16,000 ϫ g in the cold. Supernatants were discarded, and pellets were resuspended in 1 ml of cold 1ϫ PBS. Cells were centrifuged (2.5 min at 16,000 ϫ g) and washed with cold 1ϫ PBS two more times. After the second wash, supernatants were discarded, and pellets were resuspended in 1 ml of warmed BHI broth lacking FDAAs. An amount of 5 l of culture was pipetted onto a large coverslip on the microscope stage of a Nikon Eclipse Ti inverted microscope equipped with NIS-Elements AR imaging software. A section of BHI-1% (wt/vol) agar cut out of a plate was placed on the sample, which was surrounded by a chamber covered by a second coverslip. The chamber wall was warmed to 32°C by a heating fan. Different individual cells were selected, and their growth into microcolonies was imaged every 2 min for 17 h.
High-performance liquid chromatography (HPLC) analysis of the composition of PG peptides isolated from pneumococcal cells labeled with HADA. PG peptides were purified by a procedure adapted from reference 49. Cells from overnight cultures were diluted into 200 ml (for total PG peptide profiles) or 25 ml (for fluorescent PG peptide profiles) of warmed BHI broth to an OD 620 of 0.01 and incubated at 37°C. At an OD 620 of 0.02, HADA (in DMSO) was added to a final concentration of 250 M, and cultures were grown to an OD 620 of 0.5. Cells were centrifuged at 16,000 ϫ g for 10 min at 4°C, and pellets were resuspended in 10 ml of cold 1ϫ PBS. Cells were centrifuged and washed twice more, and after the last spin, cells were resuspended in 1 ml of cold 50 mM Tris-HCl, pH 7.0. Cell suspensions were added dropwise to 5 ml of boiling 5% (wt/vol) SDS and boiled for 30 min. Sacculi were collected by centrifugation at 18,500 ϫ g for 20 min at room temperature and resuspended in 1.0 M NaCl. Centrifugation and washing with 1.0 M NaCl was done one more time. Pellets were then centrifuged, washed three more times with cold H 2 O, and finally resuspended in 6 ml of H 2 O. Samples were added to a 15-ml tube containing lysing matrix B (MP Biomedicals), and sacculi were further disrupted in a FastPrep 24 homogenizer in the cold using 4 pulses of 40 s each at a speed of 6 m/s. Tubes were centrifuged at 9,300 ϫ g for 1 min at 4°C, and supernatants were centrifuged at 130,000 ϫ g for 45 min at 4°C (these conditions were used for all subsequent spins in this procedure). Pellets were resuspended in 100 mM Tris-HCl, pH 7.5, 20 mM MgSO 4 . DNase A was added to 10 g/ml and RNase A was added to 50 g/ml, and samples were incubated at 37°C for 1 h with shaking at 400 rpm. CaCl 2 and trypsin were added to 10 mM and 10 g/ml, respectively, and samples were incubated at 37°C with shaking at 400 rpm for approximately 18 h. SDS was added to a concentration of 1% (wt/vol), and samples were incubated at 80°C for 15 min. Following centrifugation, sacculus pellets were resuspended in 1 ml of 8 M LiCl and incubated at 37°C for 15 min. Following centrifugation, sacculus pellets were resuspended in 10 mM EDTA for 15 min at 37°C. Samples were centrifuged and washed 3ϫ with H 2 O, and pellets were resuspended in 1 ml of 50 mM Tris-HCl, pH 7.0.
An amount of 1.0 l of pneumococcal LytA amidase (7.0 mg/ml) was added, and samples were incubated at 37°C in the dark with shaking at 400 rpm for 24 h. LytA was purified as described previously (50) . Two additional digestions were performed by adding 1.0 l more of LytA and incubating for 8 h and then 16 h. The final digested samples were filtered through a 3K Amicon spin filter, and the flowthrough containing released PG peptides was collected. Samples were placed in a vacuum centrifuge at 37°C until all solvent had evaporated. The final residue was resuspended in 200 l of 0.05% (vol/vol) trifluoroacetic acid. Peptides were resolved on a C 18 column (Vydac 218 TP54) attached to a Shimadzu 10A HPLC system at a flow rate of 0.5 ml per min. Total PG peptide profiles from 200 ml of culture were resolved using the gradient described in reference 51, with UV detection at A 210 and fluorescence detection (excitation, 405 nm; emission, 450 nm) (see Fig. S2 in the supplemental material). For unlabeled cells, the A 210 chromatogram of these D39 strains was similar to that reported previously (51) . Fluorescent peptide profiles from 25 ml of culture were resolved using the gradient described in reference 37, with fluorescence detection (excitation, 405 nm; emission, 450 nm) (see Fig. 4 ).
Long pulse-chase-new labeling with FDAA probes of pneumococcal cells in host-relevant biofilms imaged by 3-D-SIM. Pneumococcal biofilms were formed on fixed human lung epithelial cells by a method adapted from references 52 and 53. Briefly, bacteria from BHI overnight cultures were diluted into 2.0 ml CDM to an OD 620 of 0.01, and CDM cultures were grown at 37°C to an OD 620 of 0.1. Bacterial cultures were then diluted to 2 ϫ 10 4 CFU per 500 l of CDM, which was added to round coverslips containing a confluent monolayer of H292 human lung epithelial cells that were previously fixed with 4% (vol/vol) paraformaldehyde as described in reference 53. The coverslips were contained in 24-well culture plates, which were incubated at 34°C for 48 h in an atmosphere of 5% CO 2 , with CDM changes every 12 h. At 48 h, adherent bacteria in biofilms were labeled with TADA (final concentration, 250 M) in 250 l of fresh CDM, and cultures were incubated at 34°C for 2 h. Wells were gently washed twice with 250 l of cold 1ϫ PBS, and HADA (final concentration, 250 M) in 250 l CDM was added to each well. Plates were incubated at 34°C for 2 h, after which concanavalin A-Alexa Fluor 488 was added to a final concentration of 50 g per ml, and incubation was continued for 15 min. Wells were washed gently twice with 250 l of cold 1ϫ PBS, and 500 l of 4% (vol/vol) paraformaldehyde was added to each well. Adherent bacteria in biofilms were fixed for 1 h at 34°C before 500 l of 1.0 M glycine was added to quench the cross-linking reaction. Wells were washed twice with 250 l of cold 1ϫ PBS, and coverslips were removed from the wells and allowed to air dry. An amount of 3.0 l of SlowFade gold antifade reagent (Invitrogen) was added to each coverslip, which was placed on a slide and covered by a second coverslip. Images were obtained by three-dimensional structured-illumination microscopy (3-D-SIM), which was performed with the OMX 3-D-SIM superresolution system located in the Indiana University-Bloomington Light Microscopy Imaging Center (http://www.indiana.edu/~lmic /microscopes/OMX.html) as described previously (33, 46) . For examination of 4=,6-diamidino-2-phenylindole (DAPI)-labeled biofilms, bacterial biofilms were formed in BHI broth, instead of CDM, on a monolayer of fixed H292 human lung cells as described above. After 2 h of TADA labeling, wells were gently washed twice with 250 l of cold 1ϫ PBS, and samples were fixed with 4% (vol/vol) paraformaldehyde as described above. An amount of 3.0 l of SlowFade gold antifade reagent plus DAPI reagent (Invitrogen) was added to each coverslip, and coverslips were observed by 3-D-SIM as described above.
RESULTS AND DISCUSSION
Classical long-pulse-chase radiolabeling demonstrates a low rate of release of [ 14 C]GlcNAc from PG sacculi of growing pneumococcal cells. In a study focused on the coordination of the timing of PG and teichoic acid synthesis in S. pneumoniae, Tomasz and coworkers performed pulse-chase experiments to determine the release of incorporated radiolabeled Lys or Glu from PG peptides of cells of S. pneumoniae strain R6 growing exponentially in chemically defined medium (54) . Based on a limited number of timed samples, they reported negligible release of PG peptides and concluded that there is likely minimal turnover of pneumococcal PG from cells. We reprised this experiment using a variation of a pulse-chase protocol that showed substantial release of PG fragments from B. subtilis, indicative of high PG turnover (55, 56 ). An unencapsulated mutant of serotype 2 strain D39 was labeled for approximately 7 generations with 14 C-radiolabeled N-acetylglucosamine ([ 14 C]GlcNAc) in BHI broth (see Materials and Methods). Cells were washed and chased with excess cold GlcNAc, and radioactivity was determined in PG sacculi and in the culture medium from samples taken at different stages of growth (Fig. 1) . In exponentially growing cells (to 90 min; doubling time of 35 min) (Fig. 1) The interpretation of such a low rate of release of [ 14 C] GlcNAc from pneumococcal sacculi is complicated by a low level of cell death (Ϸ5%) and residual autolysis that occurs in exponential cultures of S. pneumoniae cells in BHI broth (L.-T. Sham, unpublished data). This low-level cell death is dependent on the medium and can be largely suppressed by the addition of Mn 2ϩ to BHI broth (Sham, unpublished) . Whether low-level cell death and residual autolysis occur for planktonically growing S. pneumoniae in host niches is unknown. Autolysis, like PG turnover, can release PG breakdown products from bacterial cells; however, PG turnover is a controlled process in normal PG synthesis of live cells (10, 12, 13) , whereas autolysis results in cell death. Fratricidal PG lysis of noncompetent pneumococcal cells is pronounced in biofilms, which were studied and are discussed below.
Within the limitations of these pulse-chase experiments, the low rate of release of [
14 C]GlcNAc from pneumococcal sacculi is consistent with the earlier results of Tomasz and coworkers (54) and contrasts with the high turnover observed for growing B. subtilis cells (55, 56) . Similar long-pulse-chase experiments have revealed that other ovococcus-shaped bacteria, such as Enterococcus faecalis and Streptococcus mutans, exhibit low rates of PG fragment release from sacculi (56, 57) . One interpretation of these combined results is that there is minimal PG turnover and PG fragment release in exponentially growing S. pneumoniae and, likely, in other Gram-positive ovococcus species compared to the PG turnover and fragment release in B. subtilis. An alternative interpretation is that Gram-positive ovococci exhibit high rates of PG turnover and recycling, similar to E. coli, which limits its net release of PG breakdown fragments into growth media from exponentially growing cells to Ϸ6% (10).
Long-pulse-chase-new-labeling experiments with FDAA probes support minimal turnover of pneumococcal PG. To distinguish between the hypotheses of minimal PG turnover versus high PG turnover coupled to recycling, we visualized PG dynamics directly by long-pulse-chase-new-labeling experiments using FDAA probes (32, 33, 45) . FDAAs consist of a D-Ala-like molecule linked to differently colored fluorophores that are covalently incorporated into bacterial PG in regions of active PBP transpeptidase activity (32, 33, 45) . We labeled the PG of a D39 ⌬cps strain uniformly with the blue FDAA HADA (Fig. 2, left, pseudocolored  green) for approximately 3 generations of exponential growth in BHI broth (see Materials and Methods). Cells were washed, rinsed, and resuspended in a chase of fresh BHI broth containing the green FDAA NADA (Fig. 2, left, pseudocolored red ). Cells were collected at different times during exponential growth and early stationary phase before the onset of autolysis, and live cells were viewed by epifluorescence microscopy. In this labeling scheme, regions of old PG appear green in the images, and regions of newly synthesized PG appear red (Fig. 2, left) .
Consistent with minimal PG turnover, the old PG remained as extensive regions of hemispherical labeling that persisted indefinitely as cells entered stationary phase (Fig. 2, left) . The demarcation between regions of old and newly labeled PG was distinct, with no regions of overlap in parent cells (Fig. 2 , left, see singlecolor images). The sharp demarcation between old and new PG was further visualized by reducing the time of HADA labeling to 30 min, followed by a 5-min pulse of TADA labeling (see Fig. S1A in the supplemental material). In this labeling scheme, old PG (green) appeared as separate hemispheres banded by rings of newly synthesized PG (red) at active septa (see Fig. S1A, arrows) . The other hemispheres of the cells were unlabeled, resulting in flat tops. In addition, we determined the extent of old PG labeling by measuring the lengths of green-labeled regions relative to the total lengths of newly divided and late-divisional cells in exponentially growing cultures (Fig. 2, left, 0 to 150 min) . The old PG comprised 48% Ϯ 1%, 49% Ϯ 1%, 48% Ϯ 1%, 50% Ϯ 1%, and 48% Ϯ 1% (mean Ϯ SEM; n ϭ 15) of the surface area of cells chased for 30 min, 60 min, 90 min, 120 min, and 150 min, respectively. Thus, old PG remained as complete hemispheres, supporting the hypothesis of minimal PG turnover in growing pneumococcal cells.
We used single-cell time-lapse microscopy to confirm the formation of hemispherical regions of stable pneumococcal PG that appeared not to turn over during multiple generations of division ( Fig. 3 ; see Materials and Methods). In this experiment, single cells labeled uniformly in BHI broth with the photostable red FDAA TADA (Fig. 3 , pseudocolored orange) were deposited onto a BHIagar layer. Individual cells were repeatedly photographed over time as single cells grew into microcolonies, where regions of new PG synthesis lacked labeling (Fig. 3) . Remarkably, four hemispheres of old PG (Fig. 3, orange) , corresponding to the four hemispheres in the starting diplococcus cells, persisted without evident change in signal intensity as the microcolony enlarged into hundreds of cells in 5 h. Despite likely photobleaching, the average total intensities of the four labeled hemispheres did indeed remain nearly constant for the 5 images from 0 to 112 min (99.4 Ϯ 10.3, 104.2 Ϯ 7.5, 104.2 Ϯ 10.5, and 93.1 Ϯ 7.2 [mean Ϯ standard deviation {SD}; n ϭ 5] in arbitrary units), after which time cells in the microcolony started to overlap (Fig. 3) . This result is consistent with retention of [
14 C]GlcNAc in the PG of labeled cells per sample volume, despite the growth of unlabeled cells (Fig.  1) . Together, these FDAA long-pulse-chase experiments reveal minimal turnover of PG in growing S. pneumoniae cells, in agreement with the low rate of PG fragment release in radiolabeling experiments ( Fig. 1) (54) .
To further validate the FDAA pulse-chase approach, we visualized the rapid turnover of the PG sidewall of exponentially growing B. subtilis cells (Fig. 4) . B. subtilis laboratory strain P479 was grown exponentially in LB or LB plus 1% (wt/vol) glucose with aeration, and long-pulse (HADA)-chase-new-labeling (TADA) experiments were performed exactly as described for S. pneumoniae (Fig. 2, left) , except for the aeration (Fig. 4 ) (see Materials and Methods). In contrast to the results for S. pneumoniae labeling (Fig. 2) , old sidewall PG (Fig. 4, green) was barely visible at 40 min after the start of the chase (Fig. 4, arrow) and was not detected in 65% and 95% of cells chased for 60 and 80 min, respectively. Inert PG persisted at cell poles at all time points but covered Ͻ9% of cell bodies (Fig. 4, arrows) . The weak intensity of some inert PG labeling (Fig. 4, 60 and 80 min, arrows) likely reflects partial labeling rather than turnover of inert PG. Unlike the distinct demarcation of regions of old and newly synthesized PG in S. pneumoniae ( Fig.  2, left ; see also Fig. S1 in the supplemental material), regions of old and newly synthesized PG overlapped in sidewalls and even in inert PG (Fig. 4, last row) of growing B. subtilis cells. The nearly complete disappearance of sidewall PG by 40 min (approximately 2 doublings) is consistent with the PG turnover rate of Ϸ50% per generation reported previously for B. subtilis (13, 14) and was not changed whether PG recycling was presumably active (Fig. 4 , no glucose) or repressed (with glucose; data not shown). These results indicate that PG turnover can readily be detected by the FDAA pulse-chase protocol used in these experiments. Moreover, the labeling pattern characteristic of rapid turnover of B. subtilis sidewall PG is completely different from that observed for S. pneumoniae cells, in which hemispheres of stable PG persist for long periods of time ( Fig. 2 and 3) . This difference in labeling patterns further supports the hypothesis of minimal PG turnover in growing pneumococcal cells.
To reliably interpret the labeling patterns of S. pneumoniae cells, we determined the positions of FDAA labeling in PG. FDAA probes are thought to indicate regions of active transpeptidase activity by acting as a mimic of D-alanine that reverses a covalent acyl-intermediate formed between PBPs and PG tetrapeptides (33, 58) . This side reaction of PBP transpeptidases restores PG pentapeptides that contain fluorescent D-Ala at their ends. We confirmed that the FDAA probes label PG pentapeptides at a low level and do not perceptibly alter the overall distribution of PG peptides in S. pneumoniae D39 strains ( cells labeled for about 5 generations with an FDAA (HADA) correspond exactly to PG peptides whose amounts are increased Ϸ10ϫ in a ⌬dacA mutant lacking a D,D-carboxypeptidase that accumulates pentapeptides in monomeric and cross-linked PG peptide species (Fig. 5) (37) . No fluorescent signal was detected in unlabeled cells (Fig. 5) . This exact correspondence is only consistent with PG pentapeptide labeling by FDAAs in the parent cells. Nonfluorescent PG peptides from the unlabeled and HADA-labeled D39 ⌬cps parent and an isogenic ⌬dacA mutant were detected by measuring the A 210 using a different HPLC gradient reported previously for D39 strains (see Fig. S2 ) (51) . With the exception of additional A 210 -absorbing peaks in the HADA-labeled samples that eluted at Ϸ100 min (see Fig. S2A, arrow) , the wild-type amounts and distributions of PG peptides were not significantly perturbed by HADA labeling of the parent strain (see Fig. S2A ). The relatively small peak detected in the HADA-labeled parent strain (see Fig. S2A , arrow) is consistent with a small amount of fluorescent PG pentapeptide, given that fluorophorelabeled PG pentapeptides likely have greater absorbance at A 210 than the amide bonds of unlabeled PG peptides.
We confirmed the dependence of FDAA labeling on active PBP transpeptidase activity by prelabeling D39 ⌬cps cells with fluorescent antibiotics (Fig. 6, pseudocolored red) that inhibit transpeptidase activity before pulsing with HADA for 5 min (Fig. 6,  pseudocolored green) . A fluorescent cephalosporin (Ceph C-T) characterized previously specifically labels only PBP1b and PBP3 (DacA) in S. pneumoniae but not other PBPs (47) . PBP1b and PBP3 (DacA) localize to the septum of dividing cells or over the surface, respectively, as indicated by Ceph C-T labeling (Fig. 6 ) and previous localization studies of DacA (37) . Prelabeling with Ceph C-T did not occlude HADA labeling of equatorial and septal regions, where the transpeptidase activities of other PBPs are active. In contrast, prelabeling with fluorescent vancomycin or fluorescent bocillin showed the expected labeling at cell equators and division septa (Fig. 6) . However, prelabeling with these general PBP transpeptidase inhibitors blocked specific labeling by HADA,
FIG 5
The same PG peptides were labeled by HADA in parent strain IU1945 (D39 ⌬cps) (A) and isogenic mutant IU7204 (D39 ⌬dacA) (B), which lacks the D,D-carboxypeptidase that converts PG pentapeptides to PG tetrapeptides. Bacteria were grown in BHI broth and labeled with HADA, PG was purified, and PG peptides released with purified LytA amidase as described in Materials and Methods. HPLC was used to resolve PG peptides using the gradient conditions described in reference 37 which was now mostly distributed nonspecifically in cells. Thus, specific labeling by FDAAs requires PBP transpeptidase activity. We did not distinguish further whether the nonspecific distribution of HADA reflected uptake into or surface deposition onto the antibiotic-stressed cells.
We performed several additional experiments that support the general conclusion of minimal turnover of S. pneumoniae PG detected in FDAA long-pulse-chase-new-labeling experiments. We observed similar persistence of hemispherical regions of PG in the wild-type encapsulated serotype 2 D39 strain and the serotype 4 TIGR4 strain (see Fig. S3 in the supplemental material) . The D39 and TIGR4 strains produce different exopolysaccharide capsules and have Ϸ10% overall differences in their total gene complements (59) . Therefore, minimal PG turnover is not confined to D39 strains, which were used for the remainder of the experiments in this study. Growing the D39 ⌬cps strain in chemically defined medium containing glucose or galactose instead of glucose-containing rich BHI broth (Fig. 2, left) did not change the persistence of stable PG hemispheres (see Fig. S4 ). Thus, minimal PG turnover was not dependent on the medium, nor did turnover increase when catabolite repression was relieved with galactose as the carbon source.
We checked whether the degree of (Ser/Ala-Ala) cross-bridge formation in PG peptides influenced PG turnover. The MurMN enzymes catalyze cross-bridge formation in D39 and other pneumococcal strains (60) (61) (62) (63) . We showed previously that laboratory strain R6 contains substantially more cross-bridges than its D39 progenitor strain (40) . Both strain R6 and D39 ⌬cps ⌬murMN showed the same persistence of PG hemispheres as the D39 ⌬cps parent strain (see Fig. S5 in the supplemental material) . Last, we examined whether the minimal PG turnover was altered by ⌬pgdA or ⌬adr mutation, each of which alters PG glycan chain modification and, thus, could potentially serve as a turnover signal. PgdA deacetylates GlcNAc in the PG glycan chains of wild-type cells, thereby imparting resistance to host lysozyme produced by the innate immune response (23, 39, 64) . Adr O-acetylates the 6 position of MurNAc in PG glycan chains, which imparts lysozyme and penicillin resistance to strains of some serotypes (38, 64) . The ⌬pgdA and ⌬adr mutants were indistinguishable from their wildtype parent strain and contained hemispheres of stable PG (data not shown), indicating that these glycan chain modifications did not detectably alter the minimal turnover of PG in growing cells.
Minimal turnover of PG in S. pneumoniae cells growing in host-relevant biofilms. We wanted to confirm the persistence of stable PG hemispheres in S. pneumoniae cells growing in a hostrelevant biofilm model of colonization (Fig. 7) . Hakansson and coworkers reported that encapsulated strains of S. pneumoniae, which do not form robust biofilms on abiotic surfaces, form physiologically relevant biofilms when in contact with fixed human respiratory tract epithelial cells (53, 65) . Pneumococcal cells from these biofilms can be used to seed long-term, growing biofilms on live epithelial cells (52) . Furthermore, bacteria in the biofilms growing on the fixed or live epithelial cells transition to virulent planktonic cells when the biofilms are exposed to stimuli produced during infections (52, 65) . We repeated FDAA long-pulsechase-new-labeling experiments with unencapsulated and encapsulated D39 strains growing in biofilms on fixed human epithelial cells ( Fig. 7 ; see Materials and Methods). In the images from these experiments (Fig. 7) , PG from the TADA long pulse (i.e., old PG) or with HADA new labeling (i.e., new PG) is pseudocolored red and blue, respectively, and the layer of fixed human epithelial cells is labeled with fluorescent concanavalin A (pseudocolored green). The images were generated by high-resolution 3-D structuredillumination microscopy (3-D-SIM) as described in Materials and Methods. Some of each biofilm was washed away during the multiple washes required to remove unincorporated TADA and HADA. The remaining biofilms clearly show stable hemispheres of old PG (now red) in the unencapsulated and encapsulated D39 strains (Fig. 7, arrows) . We conclude that S. pneumoniae growing in host-relevant biofilms shows the same minimal turnover of PG as bacteria growing planktonically in BHI broth or CDM (Fig. 2,  left ; see also Fig. S3 and S4 in the supplemental material).
Previous characterization of S. pneumoniae cells in biofilms on human epithelial cells indicated considerable release of DNA, likely by the induction of fratricide as part of increased competence of pneumococci in this host-relevant biofilm model (65) (66) (67) . The extracellular DNA released is thought to act as a major matrix component in the biofilms (65, 68) . Consistent with this expectation, pneumococcal cells in biofilms formed on fixed epithelial cells were surrounded by a haze of DAPI-stained DNA out-side the host cell nuclei (data not shown). Despite the release of bacterial DNA and PG peptide fragments by competence-induced fratricide, pneumococcal cells in biofilms formed on living epithelial cells induce minimal innate immune responses (reviewed in reference 69). This observation has important implications. Our results show minimal PG turnover during growth, implying that S. pneumoniae may remain hidden from the innate immune system when growing planktonically or even in biofilms ( Fig. 2 and 7 ; see also Fig. S3 in the supplemental material) . Once in a biofilm, PG lysis of noncompetent cells by the fratricidal PG hydrolases, CbpD endopeptidase, LytC lysozyme, and LytA amidase (67, (70) (71) (72) , releases PG fragments and substantial bacterial DNA. However, these potent innate immune signals must be largely confined to the biofilm matrix, thus preventing interaction with host cells and strong induction of innate and secondary adaptive immune responses.
Mutations in PG-remodeling hydrolase genes lead to placement of inert PG at abnormal division vertices. PG hydrolases are required for PG turnover in E. coli and B. subtilis (10, 12, 13) . In S. pneumoniae, PG hydrolases carry out three broad functions: remodeling during PG synthesis (e.g., PcsB:FtsEX, LytB, Pmp23, DacA, and DacB) (see references 37, 43, and 50), autolysis in late stationary phase and during antibiotic stress responses (LytA) (71, 73) , and fratricide during competence (LytA, CbpD, and LytC) (67, (70) (71) (72) . PG hydrolases involved in PG remodeling are mostly attached to the outer surface of the cell membrane, and deficiency of these PG hydrolases causes cell morphology defects, including cell rounding, nonparallel division, and chaining ( Fig. 8 ; see also Fig. S6 in the supplemental material) . We used the long-pulsechase-new-labeling protocol described above (Fig. 2, left) to survey exponentially growing mutants deficient in PG-remodeling or -autolytic hydrolases (37) for altered persistence of stable PG compared to that in wild-type cells or for regions of inert peptidoglycan deposition in mutants that exhibit aberrant cell morphologies ( Fig. 2 [left] , 3, and 8; see also Fig. S3 and S6) .
Absence of the major LytA autolysin did not alter the persistence of hemispheres of stable PG in exponentially growing or early-stationary-phase cells (Fig. 2, right) , and cells of the lytA mutant and D39 ⌬cps lytA ϩ parent were indistinguishable under these culture conditions (Fig. 2) . In some lytA mutant cells, regions of PG synthesis at intermediate stages were labeled with HADA (Fig. 2, right, green) at the time of washing and the start of the NADA chase (Fig. 2, right, red) . These persistent regions of green labelling appear between nonoverlapping regions of red labelling in dividing cells (Fig. 2 , right, arrows) and were also observed for some parent cells (data not shown). These results reiterate the previous conclusion that in the D39 genetic background, the function of the LytA amidase is confined to stress and fratricide and it plays a minimal role in remodeling during normal cell division (37) . Likewise, the absence of the LytB N-acetylglucosaminidase, which catalyzes the final separation of divided cells (74, 75) , led to the formation of long chains of cells with the same persistence of stable PG hemispheres as observed in the parent strain (Fig. 8, top row) . Finally, we examined the PG stability in a ⌬pbp1a mutant lacking the major class A PBP1a, which likely functions in both septal and peripheral (i.e., midcell sidewall) PG synthesis (43, 76) . ⌬pbp1a mutants have the distinctive phenotype of forming considerably smaller but normally shaped cells compared to their pbp1a ϩ parent strain (Fig. 8, top row) (76) . The persistence of stable PG hemispheres was not altered by the ⌬pbp1a mutation or the decrease in cell size and volume.
A deficiency of PG hydrolases involved in PG remodeling during cell division led to the formation of cells in chains ( [40] ), IU3881 (⌬spd_0703), IU3880 (⌬dacB), IU3875 (⌬pmp23), and IU7204 (⌬dacA) (see Table S1 in the supplemental material) were grown exponentially in BHI broth, labeled with HADA (pseudocolored green; old PG), washed, and chased in the presence of NADA (pseudocolored red; newly synthesized PG) as described in the legend to material). However, unlike the parent strain and lytA, pbp1a, and lytB mutants, which contain well-spaced, parallel division planes perpendicular to the long axes of cells ( Fig. 2 and 8, top row) , the cells of PG-remodeling hydrolase mutants were often larger than normal, misshapen, and in chains containing kinks, indicative of aberrant cell division in nonparallel planes (Fig. 8, middle and bottom rows, arrows; see also Fig. S6 ). PcsB is an essential PG hydrolase regulated by interactions with FtsEX that functions as a PG peptide amidase or endopeptidase in PG remodeling during cell division (50, 77, 78) . Cells lacking Pmp23, a putative lytic transglycosylase (79) or Spd_0703, a WalRK regulon member of unknown function (37) , formed chains of kinked, blocky, unseparated cells, sometimes containing closely spaced regions of PG transpeptidase activity (Fig. 8, middle and bottom rows, red; see also Fig. S6 ). Although they were located in kinked chains, cells lacking the DacA D,D-carboxypeptidase or DacB L,D-carboxypeptidase, which sequentially trim PG peptides to tetramers and then trimers, respectively (37, 40, 80, 81) , were more spherical than cells of the parent strain or other mutants. Notably, each PG hydrolase mutant retained hemispheres of stable old PG in longpulse-chase-new-labeling experiments ( Fig. 8, green ; see also Fig.  S6 ), supporting a role for these PG hydrolases in division rather than in PG turnover, which again appeared minimal. In addition, long pulse-chase-new labeling revealed that regions of chain kinking were often bounded or marked by green spots of inert peptidoglycan, by red spots or regions of newly synthesized PG trapped between regions of inert green PG, or by closely spaced red regions of newly synthesized PG (Fig. 8, middle and bottom rows, arrows) . This result supports the interpretation from E. coli that regions of inert PG can block and limit the placement of FtsZ division planes, resulting in directional changes in cell shape and contour (82, 83) . We conclude that the defects in PG hydrolysis in these mutants ultimately leads to aberrant PG placement that distorts the direction of future PG synthesis, resulting in cell shape and morphology defects. The spatiotemporal function of these PG hydrolases in remodeling during PG synthesis and PG cleavage during cell separation remains largely unknown, and this knowledge is required to understand the mechanisms underlying these cell shape and morphology defects.
Hemispheres of stable PG are maintained in ⌬mapZ and ⌬divIVA cell division mutants. Recently, it was reported that proteins that bind to regions of cell curvature, such as MreB, can alter PG synthesis and eliminate inert PG placement at the poles of E. coli cells under the specific experimental conditions tested (84) . Consequently, we examined whether the MapZ and DivIVA cell division regulators of S. pneumoniae alter the location and persistence of stable PG observed in the wild-type parent cells (Fig. 9) . MapZ (also called LocZ) is a recently reported protein that has been hypothesized to direct FtsZ to the equators of future dividing daughter cells (42, 85, 86) . Using FtsZ-green fluorescent protein (GFP) fusions, FtsZ was reported to be greatly mislocalized in ⌬mapZ mutants, which showed severe morphology defects (42, 86) . We examined ⌬mapZ cell morphologies in D39 strains labeled with FDAAs. Similar to the results reported in reference 42, ⌬mapZ D39 mutant cells showed occasional minor distortions in shape but were similar in overall morphology to wild-type cells under these growth conditions (Fig. 9, left) . This result was somewhat unexpected, given that MapZ has been postulated to be required for FtsZ positioning (42, 85, 86) . Consistent with their relatively normal cell morphologies, long pulse-chase-new labeling of these cells revealed only occasional misplaced PG synthesis, which is a surrogate indicator of FtsZ location (33) , in the ⌬mapZ mutant compared to that in the parent strain (Fig. 9, left) . Important to this study, the absence of MapZ did not have any obvious effects on the hemispherical persistence of stable PG, indicating that MapZ does not modulate PG turnover. The nonessentiality of mapZ, the moderate cell morphology defects in the absence of FtsZ-GFP fusions (A. Perez, unpublished data), and the frequent midcell placement of PG synthesis in the ⌬mapZ mutant under these culture conditions suggest that S. pneumoniae D39 likely has redundant systems for FtsZ positioning.
Based on results from B. subtilis, DivIVA binds to regions of negative curvature in Gram-positive bacterial cells (87, 88) . In S. pneumoniae, ⌬divIVA mutant cells form long chains of significantly enlarged, compressed-sphere-shaped cells (Fig. 9, right) , as reported first by Massidda and coworkers (41, 43) . At earlier times in long-pulse-chase-new-labeling experiments, regions of new PG synthesis were visible at the equators of ⌬divIVA cells. However, at intermediate times (20 to 60 min of chase), complicated labeling patterns emerged that showed alternating regions of old and new PG along the length of the chains (Fig. 9, right) . Unlike Table S1 in the supplemental material) were grown exponentially in BHI broth, labeled with HADA (pseudocolored green; old PG), washed, and chased in the presence of TADA (pseudocolored red; newly synthesized PG) as described in the legend to Fig. 2 and in Materials and Methods. Live cells were imaged by epifluorescence phase-contrast microscopy at the indicated time points after the removal of HADA (chase) and the addition of TADA. Similar labeling patterns were observed for Ͼ200 individual cells in diplococci or chains examined for each strain in microscopic fields at different time points after the start of the chase/ TADA labeling in two biological replicates, and representative images are shown. Scale bar ϭ 1 m. P, phase-contrast image; H, HADA labeling (old PG); T, TADA labeling (new PG synthesis); O, overlay of H and T images. the wild-type strains and the other mutants examined here, where regions of old PG were distinctly demarcated from regions of new PG synthesis ( Fig. 2 and 3 ; see also Fig. S3 in the supplemental material), regions of stable PG partially overlapped regions of continuing PG synthesis in the ⌬divIVA mutant (Fig. 9, right) . At later times (80 to 100 min of chase), closely spaced, irregular band patterns of newly synthesized PG (red) were still visible over faint regions of old PG (green). Thus, the absence of DivIVA caused a partial loss of boundaries between regions of old PG and new PG synthesis not observed in other mutants examined here. Relevant to this study, despite the complicated PG synthesis patterns of the ⌬divIVA mutant, hemispherical regions of old PG persisted. Thus, the lack of the DivIVA curvature recognition protein did not eliminate caps of stable PG in S. pneumoniae cells. The functions of DivIVA in pneumococcal cell division are not well understood (43) , and the results presented here underscore the importance of DivIVA in organizing the placement of FtsZ-directed PG synthesis in dividing S. pneumoniae cells.
Conclusions. It has sometimes been assumed that S. pneumoniae, like B. subtilis and E. coli, may turn over its PG during growth (e.g., see reference 89). Two lines of evidence presented in this paper argue against this assumption and support minimal PG turnover in growing pneumococcal cells. Classical pulse-chase experiments tracking radiolabeled amino acids or a glycan sugar showed very low rates of release of PG fragments from sacculi of growing S. pneumoniae cells into the medium (Fig. 1) (54) . However, radiolabel release experiments alone cannot distinguish between minimal PG turnover versus rapid turnover and recycling. Long-pulse-chase-new-labeling experiments with FDAAs strongly supported the hypothesis of minimal PG turnover instead of rapid PG turnover and recycling. In pneumococcal cells growing planktonically in culture or in host-relevant biofilms, hemispheres of old PG persisted, and there was no overlap between regions of old and new PG synthesis ( Fig. 2 and 7 ; see also Fig. S1 in the supplemental material). FDAA pulse-chase of single cells followed by time-lapse microscopy confirmed the persistence of hemispheres of stable PG without significant loss of signal intensity in microcolonies (Fig. 3) . In contrast, FDAA long-pulse-chase-new-labeling experiments revealed the expected rapid turnover of sidewall PG in growing B. subtilis cells, whether recycling was repressed or induced (Fig. 4) (13, 14, 55) . The labeling pattern characteristic of rapid turnover of B. subtilis sidewall PG (Fig. 4) is completely different from that observed for S. pneumoniae cells ( Fig. 2 and 3 ; see also Fig. S1 ), and this difference further supports the hypothesis of minimal PG turnover in growing pneumococcal cells.
Minimal PG turnover is consistent with the apparent absence of certain genes in S. pneumoniae that are required for PG recycling in other bacteria (13, 25) . In addition, results in this paper indicate the same pattern of minimal PG turnover in encapsulated serotype 2 and 4 stains (see Fig. S3 in the supplemental material) and in an unencapsulated mutant of a serotype 2 strain growing in rich medium or CDM with different carbon sources ( Fig. 2 ; see also Fig. S4 ). Thus, minimal turnover is a general property of the PG of growing S. pneumoniae cells. There may also be minimal PG turnover in other ovococcus species, based on an apparent absence of recycling enzymes and results from previous radiolabeling experiments showing low rates of PG fragment release from sacculi (13, 56, 57) .
Minimal turnover of pneumococcal PG has several mechanistic and physiological implications. In particular, PG remodeling, which is the trimming of PG by endopeptidases and lytic transglycosylases required for the insertion of new glycan strands during PG biosynthesis, does not release substantial amounts of fragments from the PG of growing S. pneumoniae cells. Indeed, pneumococcal mutants deficient in key PG hydrolases and lytic transglycosylases implicated in PG remodeling still exhibited minimal PG turnover and accumulated inert PG at vertices of abnormal growth and division ( Fig. 8; see also Fig. S6 in the supplemental  material) . Likewise, pneumococcal mutants lacking the major cell division regulators MapZ (LocZ) and DivIVA maintained minimal PG turnover, although the separation of old and new PG synthesis was distorted in the divIVA mutant (Fig. 9) . Mutants deficient in glycan chain modification or peptide cross-bridge formation also did not deviate from the fundamental pattern of minimal PG turnover and persistence of hemispheres of old PG that is characteristic of the parent strain ( Fig. 2; see also Fig. S5 ).
The function of the DacA (PBP3) D,D-carboxypeptidase is particularly interesting with regard to the persistence of old PG labeled by FDAAs in these experiments ( Fig. 2 and 3 ; see also Fig. S1 in the supplemental material). PG peptide composition determinations showed that FDAA-labeled PG pentapeptides are clearly substrates of DacA, because they accumulated to high levels in a ⌬dacA mutant (Fig. 5) . Nevertheless, FDAA-labeled PG pentapeptides persisted for long periods of time in hemispheres of stable PG in S. pneumoniae cells ( Fig. 2 and 3 ; see also Fig. S1 ), despite DacA's localization over the pneumococcal cell surface (37) . DacA and its homologue in E. coli, PBP5, are bound closely to the outer surface of the cell membrane by an amphipathic helix domain (90) . The persistence of FDAA-labeled PG pentapeptides in old PG implies that surface-bound DacA cannot reach FDAA-labeled pentapeptides, which are synthesized by PBP transpeptidase activities tethered further out from DacA in the cell membrane (90) .
Another implication of minimal PG turnover of planktonically growing pneumococcal cells is the possible diminution of detection by the human host innate immune system. Unlike many bacterial species that announce their presence by releasing significant amounts of PG fragments (see the introduction), planktonically growing pneumococcus may remain hidden from detection. In this regard, biofilms present a paradox that needs to be studied further. On the one hand, S. pneumoniae cells growing in biofilms retain minimal PG turnover (Fig. 7) . On the other hand, competence and accompanying fratricide increase in biofilms, releasing PG fragments and DNA fragments that form part of the biofilm matrix (65) . Yet, despite the formation of these potential signals, host cells in contact with biofilms do not exhibit strong innate immune responses (69) , implying sequestration of released DNA and PG fragments. We conclude that fratricidal PG destruction in biofilms provides a mode of de facto PG turnover without recycling for S. pneumoniae cells and that studies of the structure and composition of the pneumococcal biofilm matrix are needed to understand the sequestration of PG fragments and DNA from host cell strata.
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